Signal transducer and activator of transcription (STAT) 3 has been described as a "master regulator" of signaling pathways involved in the transition from low-grade glioma (LGG) to high-grade glioma (HGG). Although STAT3 is overexpressed in HGGs, it remains unclear whether its overexpression is sufficient to induce or promote the malignant progression of glioma. To characterize the effect of STAT3 expression on tumor progression in vivo, we expressed the STAT3 gene in glioneuronal progenitor cells in mice. STAT3 was expressed alone or concurrently with platelet-derived growth factor B (PDGFB), a well-described initiator of LGG. STAT3 alone was insufficient to induce tumor formation; however, coexpression of STAT3 with PDGFB in mice resulted in a significantly higher incidence of HGGs than PDGFB alone. The median symptomatic tumor latency in mice coexpressing STAT3 and PDGFB was significantly shorter, and mice that developed symptomatic tumors demonstrated significantly higher expression of phosphorylated STAT3 intratumorally. In HGGs, expression of STAT3 was associated with suppression of apoptosis and an increase in tumor cell proliferation. HGGs induced by STAT3 and PDGFB also displayed frequent foci of necrosis and microvascular proliferation. The expression of CD31 (a marker of endothelial proliferation) was significantly higher in tumors induced by coexpression of STAT3 and PDGFB. When mice injected with PDGFB and STAT3 were treated with a STAT3 inhibitor, median survival increased and the incidence of HGG and CD31 expression decreased significantly. These results demonstrate that STAT3 promotes the malignant progression of glioma. Inhibiting STAT3 expression mitigates tumor progression and improves survival, validating it as a therapeutic target.
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Keywords: glioma, mesenchymal, mouse model, proneural, STAT3. G liomas are the most common primary brain tumor in humans and constitute a range of tumor types, including indolent-appearing lesions that inexorably progress to more aggressive tumors, which are associated with shorter survival in patients. Patients with low-grade gliomas (LGGs) have an overall survival time of 7-10 years, but as these tumors devolve to more malignant, high-grade gliomas (HGGs), the overall survival time decreases to 1 -3 years. 1 -4 The WHO grading system for gliomas is based on the identification of specific histologic features, including necrosis, microvascular proliferation, and brisk mitotic activity. 5 Identifying the key genetic contributors that result in tumor progression is the focus of intense investigation because inhibition of their activity may mitigate the malignant degeneration of glioma. Activation of the platelet-derived growth factor (PDGF) signaling pathway initiates gliomagenesis. 6 In human gliomas, the PDGF receptor (PDGFR) is commonly overexpressed, and increased expression correlates with higher tumor grade. 7, 8 Overexpression of the PDGFR ligand PDGFB results predominantly in LGGs in murine models, 9 -11 and PDGFB can cooperate with other signaling molecules to enhance tumor formation and progression. 12 -14 Similarly, signal transducer and activator of transcription (STAT) 3 is a key candidate for causing the malignant progression of glioma, given its role in tumorigenesis, 15 its frequent expression in HGGs but not in LGGs, and its designation as a negative prognostic factor for survival in patients with glioma. 16 Phosphorylated (p)STAT3 leads to transcriptional activation of downstream genes involved in processes such as cell proliferation, suppression of apoptosis, and angiogenesis. 17, 18 STAT3 expression is also suspected to promote the mesenchymal phenotype of HGG, which is associated with a poor clinical outcome in patients. 19 Furthermore, STAT3 has been shown to maintain the proliferation and multipotency of glioma cancer stem cells. 20 However, to date no in vivo studies have been performed to elucidate the role of STAT3 in malignant progression of glioma.
To determine whether STAT3 contributes to the formation of HGGs in vivo, we studied the effect of STAT3 expression in glioneuronal progenitor cells using the RCAS (replication-competent ASLV long terminal repeat with a splice acceptor)/Ntv-a transgenic mouse system. 21 Here, we show that when coexpressed with PDGFB, STAT3 promotes the malignant progression of glioma by generating tumors with marked microvascular proliferation and necrosis. STAT3-driven tumors also show a suppression of apoptosis, resulting in a commensurate increase in tumor cell proliferation. Conversely, inhibition of STAT3 reverses the angiogenic effect of STAT3, decreases the proportion of HGGs, and leads to longer survival in the mice.
Materials and Methods

Vector Constructs
To study the effect of STAT3 in conjunction with PDGFB-dependent glioma formation in vivo, the human STAT3 gene was expressed in mice using the RCAS/Ntv-a transgenic mouse system. 22 The generation of RCAS-PDGFB, which was constructed with a hemagglutinin (HA) epitope tag, has been previously described, 11 and RCAS-PDGFB was a gift of Dr Wei Zhang (The University of Texas MD Anderson Cancer Center). RCAS-STAT3 was generated by amplifying the sequence encoding the cDNA by PCR using specially designed primers that enable directional cloning into a Gateway entry vector. The proprietary Gateway LR recombination reaction between the entry vector containing our gene of interest and a previously constructed RCAS destination vector resulted in the desired RCAS vector, which was then verified by sequencing.
Transfection of DF-1 Cells
DF-1 immortalized chicken fibroblasts were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (Gibco) in a humidified atmosphere of 95% air/5% CO 2 at 378C. Live virus was produced by transfecting plasmid versions of RCAS vectors into DF-1 cells using FuGene6 (Roche). These cells were then replicated in culture.
Immunofluorescence
To verify STAT3 expression, untransfected DF-1 cells were grown in culture, transfected with RCAS-STAT3, and allowed to replicate for 2 to 3 passages (Supplementary material, Fig. S1A and B). Cells were then fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), followed by treatment with cold methanol. Immunocytochemical labeling was performed using standard methods. A rabbit polyclonal antibody against STAT3 (1:100; Cell Signaling Technology) and goat anti-rabbit Alexa Fluor 594 fluorescent conjugate (1:500; Molecular Probes) were used for detection. Prolong Gold antifade reagent with 4 ′ -6-diamidino-2-phenylindole (DAPI) (Molecular Probes) was used for labeling cell nuclei. Staining was visualized with a Zeiss Axioskop 40 microscope (Supplementary material, Fig. 1A ).
Western Blot Analysis
Verification of STAT3 expression from DF-1 cells after transfection was performed by Western blotting (Supplementary material, Fig. 1B ). Whole-cell lysates were prepared from DF-1 untransfected cultures and DF-1 cells transfected with RCAS-PDGFB or RCAS-STAT3. Protein samples (10 mg) were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis using gels containing 10% polyacrylamide, transferred to a polyvinylidene difluoride membrane, and probed with the anti-HA antibody (1:1000; F7, Santa Cruz Biotechnology) to detect PDGFB expression, anti-STAT3 (1:1000; 9132, Cell Signaling Technology) for total STAT3 expression, or anti-pSTAT3 (1:2000; 9145, Cell Signaling Technology) for pSTAT3 expression. Secondary antibodies used for detection were goat anti-mouse immunoglobulin (Ig)G (1:2500; Pierce) and goat anti-rabbit IgG (1:10,000). The blots were developed using the ECL Plus detection kit (GE Healthcare) following the manufacturer's protocol.
In vivo Somatic Cell Transfer in Transgenic Mice
Generation of the transgenic Ntv-a mouse has been previously described. 22 The mice are hybrids of multiple strains: C57BL/6, BALB/c, FVB/N, and cluster of differentiation (CD)1. To transfer genes via RCAS vectors, defined volumes of DF-1 producer cells transfected with a particular RCAS vector (1 × 10 4 DF-1 cells in 1-2 mL of PBS) were injected into the frontal lobes of Ntv-a mice, anterior to the coronal suture of the skull, using a 10-mL gastight Hamilton syringe. The mice were injected within 24 -48 h after birth because the population of nestin+ cells producing TVA is highest during this period. Equal numbers of DF-1 cells were injected in the cohorts of animals that received 2 RCAS vectors. The mice were killed 90 days after injection, or sooner if they demonstrated morbidity related to tumor burden, including hydrocephalus or debility. Their brains were removed and analyzed for tumor formation. Histologic verification of tumor formation and determination of glioma type (LGG or HGG) was performed by the study neuropathologist (G.N.F.). High-grade tumors were differentiated by the presence of microvascular proliferation and/or foci of necrosis. The animal experiments described in this research were approved by the Institutional Animal Care and Use Committee at The University of Texas MD Anderson Cancer Center (Protocols 08-06-11632 and 08-06-11832).
Reverse Transcriptase -PCR
To verify expression of STAT3 after incorporation into the host cell DNA in tumor sections, we performed reverse transcriptase (RT)-PCR on the brains of mice injected with RCAS-STAT3 (N ¼ 3) . After the mice were killed, their forebrains were removed and frozen in liquid nitrogen. Tissue specimens were homogenized, and RNA was extracted. The primer sequences for STAT3 were 5 ′ AACTCTCACGGACGAGGAGCT 3 
Treatment Schema
WP1066 was dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich), then mixed with polyethylene glycol (PEG)300 (ratio, 1:4; Sigma-Aldrich) to the desired concentration. A cohort of newborn Ntv-a mice (N ¼ 19) was injected with the RCAS-PDGFB + RCAS-STAT3 constructs. Twenty-one days after introduction of the glioma-inducing transgenes, treatment was started with WP1066 (30 mg/kg × 3 wk), administered by oral gavage in a vehicle of DMSO/PEG300 (20 parts/80 parts) on Monday, Wednesday, and Friday for a total of 3 weeks. The 30 mg/kg dosing regimen was selected based on the toxicity studies performed that established this as the level of no observed adverse effect. The mice were killed 90 days after injection, or sooner if they demonstrated morbidity related to tumor burden, including hydrocephalus or debility. To compare M2 macrophage infiltration and pSTAT3 immunostaining in the different injection sets, a separate cohort of mice injected with RCAS-PDGFB + RCAS-STAT3 was analyzed.
Immunohistochemistry
Mouse brains were paraffin embedded, and 4-mm brain sections were used for immunohistochemical analysis. The Thermo Scientific PT Module (Thermo Fisher Scientific) with citrate buffer was used for antigen retrieval. Staining was performed using the Lab Vision Immunohistochemical Autostainer 360 (Thermo Fisher Scientific). Immunoreactive staining was visualized using an avidin-biotin complex technique with diaminobenzidine (Invitrogen) as the chromogenic substrate and hematoxylin as the counterstain. To detect pSTAT3 expression, we used a primary monoclonal antibody against Tyr705 pSTAT3 (1:50; Cell Signaling Technology). To detect apoptosis, we used a primary antibody against cleaved caspase 3 (1:50; Cell Signaling Technology), an indicator of both mitochondriamediated (intrinsic) and death receptor-mediated (extrinsic) apoptosis. An antibody against phosphohistone H3 (pHH3; 1:1000; Millipore) was used to assess the extent of mitotic activity, as an indicator of cell proliferation. An antibody against Olig2 (1:500; Millipore) was used to characterize the proneural phenotype of tumors, and antibodies against CD31 (1:400; R&D Systems) and vascular epithelial growth factor (VEGF; 1:100; Millipore) were used to characterize microvascular proliferation and the mesenchymal phenotype.
Quantification of pSTAT3 Expression in Tumors
To detect and quantify the expression of pSTAT3 in the different injection sets, we immunostained formalinfixed, paraffin-embedded tumor-bearing tissue sections with an antibody against pSTAT3. We counted the total number of cells and the number of positively stained cells in the areas of highest tumor cell density in 10 nonoverlapping high-power (400×) microscopic fields in tumor-bearing brains taken from 3 -5 mice in each injection set (cell counts were performed by T.D., Y.Y., and G.R.). The pSTAT3 expression level was calculated as the percentage of positive cells in each field. The median total number of cells counted was 1875 (range, 783-4085).
We also assessed the association between pSTAT3 expression level and survival time. Tumor-bearing mice were divided into 2 groups: long-term survivors (≥90 days) and short-term survivors (those killed before 90 days due to symptomatic tumor formation). For this analysis, tumor-bearing brains were taken from 5 mice in each injection set. The median total number of cells counted in the RCAS-PDGFB injection set for shortterm survivors was 1292 (range, 740 -5057); and for long-term survivors, 1050 (range, 548 -1506). The corresponding numbers in the RCAS-PDGFB + RCAS-STAT3 injection set were 1072 (range, 481 -1996) and 1111 (range, 651 -1479).
Mitotic Index
To detect and quantify mitotic activity in the different injection sets, we analyzed formalin-fixed, paraffinembedded tumor-bearing tissue sections with an antibody against pHH3, which has been described as a useful marker for determining the mitotic index in gliomas. 23 We counted the total number of cells and the number of positively stained cells in the area of highest tumor cell density in 10 nonoverlapping high-power (400×) microscopic fields in tumor-bearing brains taken from 5 mice in each injection set. The mitotic index was calculated as the percentage of positive cells in each field. The median total number of cells counted per field was 1771 (range, 999-2871).
Apoptotic Assay
Apoptosis was detected and quantified in the different injection sets by immunostaining formalin-fixed, paraffin-embedded tumor-bearing tissue sections with an antibody against cleavage of caspase 3, which is an early and consistent signaling event in apoptosis and can be used to determine the apoptotic index. 24 We counted the total number of cells and the number of positively stained cells in the area of highest tumor cell density in 10 nonoverlapping high-power (400×) microscopic fields in tumor-bearing brains taken from 3 mice in each injection set. The apoptotic index was calculated as the percentage of positive cells in each field. The median total number of cells counted per field was 1298 (range, 765 -3641).
Phenotypic Characterization of Tumor
To determine the phenotype of tumors generated in the Ntv-a mice after injection of RCAS vectors, we analyzed the tumors for histologic features associated with the mesenchymal phenotype, including microvascular proliferation and necrosis. We immunostained formalinfixed, paraffin-embedded tumor-bearing tissue sections with an antibody against Olig2, a marker of the proneural phenotype, and antibodies against CD31 and VEGF, markers of microvascular proliferation. We counted the total number of cells and the number of positively stained cells in the area of highest tumor cell density in 10 nonoverlapping high-power (400×) microscopic fields in tumor-bearing brains taken from 5 mice in each injection set. The expression level was calculated as the percentage of positive cells in each field. For CD31, the median number of cells counted in the RCAS-PDGFB injection set was 1032 (range, 769-2332) and, in the RCAS-PDGFB + RCAS-STAT3 injection set, 1241 (range, 730 -2281). For Olig2, the corresonding numbers were 1410 (range, 614 -1891) and 2588 (range, 855-4394). In the cohort of mice treated with WP1066, we counted the total number of cells and the number of positively stained cells in the area of highest tumor cell density in 10 nonoverlapping highpower (400×) microscopic fields in tumor-bearing brains taken from 10 mice. The median number of cells counted was 1173 (range, 823 -1498).
Statistical Analysis
Summary statistics were provided in the form of frequencies and percentages. The x 2 test was used to compare the tumor incidence between the different injection sets. Kaplan-Meier curves were used to estimate unadjusted tumor latency. The log-rank test was used to compare the time-to-event variable between groups. To compare pHH3, cleaved caspase 3, Olig2, and CD31 expression between injection sets, we fit the linear mixed model to assess the percentage of positive cells, after adjusting for different injection sets and taking into account the associations among repeated measures within the same tumor. For the comparison of pSTAT3 positive cells between injection sets, the distribution of the percentage of positive cells was highly skewed; therefore, we used the logarithmic scale, log[-positive/(positive + negative)], in this analysis. The Bonferroni method was used to adjust for multiple pairwise comparisons. All tests were 2-sided, and P , .05 was considered statistically significant. To compare pSTAT3 and F4/80 expression between treated and untreated cohorts, Student's t-test was used to compare the mean number of positive cells. Statistical analysis was carried out using SAS v.9 and Graphpad Prism v.5.03 software.
Results
STAT3 Cooperates with PDGFB to Promote Malignant Progression of Glioma
To evaluate the effect of STAT3 expression on glioma formation in vivo, we injected newborn Ntv-a mice with the RCAS-STAT3 vector either alone or in conjunction with the RCAS-PDGFB vector. Within the 90-day observation period, gliomas were detected in the brains of 28 of 29 (97%) mice injected with RCAS-PDGFB alone and 38 of 38 (100%) mice injected with RCAS-PDGFB + RCAS-STAT3 (Fig. 1 ). Tumors were not detected in any of the 24 mice injected with RCAS-STAT3 alone. The incidence of HGGs, with histologic features of microvascular proliferation and/or Fig. 1 . The incidence of high-grade gliomas was significantly higher in mice injected with RCAS-PDGFB + RCAS-STAT3 than in those injected with RCAS-PDGFB alone. RCAS-STAT3 was insufficient to induce tumor formation.
necrosis, was significantly higher in tumors induced by RCAS-PDGFB + RCAS-STAT3 than in those induced by RCAS-PDGFB alone (x 2 test, P , .001) ( Table 1 ). The median tumor latency was significantly shorter in mice injected with RCAS-PDGFB + RCAS-STAT3 than in those injected with RCAS-PDGFB alone (log-rank test, P , .003) (Fig. 2, Table 1 ), indicating that STAT3 cooperates with PDGFB to promote malignant progression.
pSTAT3 Expression Is Associated with Increased Glioma Grade and Decreased Survival Time
In LGGs, regardless of the injection vector, pSTAT3 expression was minimal. The median percentage of pSTAT3-positive cells was significantly higher in HGGs induced by RCAS-PDGFB + RCAS-STAT3 than in those induced by RCAS-PDGFB alone (pairwise comparison, P , .03) (Fig. 3A, Table 2 ). Necrosis was identified in both RCAS-PDGFB and RCAS-PDGFB + RCAS-STAT3 tumors. However, we observed necrosis in 13 of 38 RCAS-PDGFB + RCAS-STAT3 tumors (34%), but in only 1 of 28 RCAS-PDGFB tumors (4%) (x 2 test, P ¼ .012). Furthermore, pSTAT3-expressing cells appeared to localize to regions of tumor necrosis in HGGs induced by RCAS-PDGFB + RCAS-STAT3 but not in the single tumor induced by RCAS-PDGFB alone that displayed necrosis (Fig. 3B) .
We also analyzed the association of pSTAT3 expression with survival time. Tumor-bearing mice from each injection set were divided into 2 groups: long-term survivors (≤90 days) and short-term survivors (those killed before 90 days due to symptomatic tumor formation). In the group injected with RCAS-PDGFB alone, presence of cells expressing pSTAT3 in tumors from long-term survivors was a mean of 2.6% (SEM 0.7%) compared with 12% (SEM 1.6%) in tumors from short-term survivors (mean estimates from linear mixed model, P ¼ .02) (Fig. 3C) . In the group injected with RCAS-PDGFB + RCAS-STAT3, presence of pSTAT3-positive cells in tumors from long-term survivors was a mean of 3.7% (SEM 1.3%) compared with 26.8% (SEM 2.2%) in tumors from short-term survivors (mean estimates from a linear mixed model, P ¼ .006) (Fig. 3C) .
STAT3 Suppresses Apoptosis, with a Concomitant Increase in Tumor Cell Proliferation
To ascertain the anti-apoptotic effect of STAT3 on glioma formation, we compared the apoptotic index, determined on the basis of staining tumors for cleaved caspase 3. To minimize the influence of grade, we selected only HGGs for analysis. The median apoptotic index was significantly higher in HGGs induced by RCAS-PDGFB alone than in those induced by RCAS-PDGFB + RCAS-STAT3 (pairwise comparison, P , .001) (Fig. 4, Table 2 ). Next, we determined whether the observed reduction in apoptosis associated with STAT3 expression correlated with an increase in tumor cell proliferation. We compared the mitotic activity, determined on the basis of staining tumors for pHH3, between HGGs induced by RCAS-PDGFB + RCAS-STAT3 and HGGs induced by RCAS-PDGFB alone. The median mitotic index in RCAS-PDGFB + RCAS-STAT3 HGGs was significantly enhanced compared with that of RCAS-PDGFB HGGs (pairwise comparison, P , .001) (Fig. 4, Table 2 ), indicating that STAT3 increases tumor cell proliferation.
Histologic Characterization of Tumor Phenotype
We characterized the tumors induced by different injection sets by analyzing the expression of VEGF and CD31, markers of microvascular proliferation. HGGs induced by RCAS-PDGFB + RCAS-STAT3 demonstrated much more conspicuous VEGF staining than HGGs induced by RCAS-PDGFB alone (Fig. 5A) . We quantified the extent of CD31 staining in RCAS-PDGFB HGGs and RCAS-PDGFB + RCAS-STAT3 HGGs (VEGF staining in the tumors was very diffuse and difficult to quantify). CD31 expression was significantly higher in the latter (mean, 4.2%; SEM, 1.1%) than in the former (mean, 0.6%, SEM, 0.2%; pairwise comparison, P ¼ .02) (Fig. 5B) . Because microvascular proliferation is a feature of the mesenchymal glioma phenotype, we also characterized the tumors by examining the expression of Olig2, a marker of the proneural glioma phenotype. Tumors induced by RCAS-PDGFB alone were homogenously positive for Olig2. However, tumors induced by RCAS-PDGFB + RCAS-STAT3 displayed prominent areas of tumor that were devoid of Olig2 staining (Supplementary material, Fig. 3 ). The ranges are reported in parentheses. 
Inhibition of STAT3 Decreases Microvascular Proliferation and M2 Macrophage Infiltration and Improves Survival
Because tumors induced by RCAS-PDGFB + RCAS-STAT3 resulted in a higher proportion of HGGs, microvascular proliferation, and pSTAT3 expression, we used this model to study whether inhibition of STAT3 could mitigate the malignant transformation of tumors. A cohort of mice injected with RCAS-PDGFB + RCAS-STAT3 (N ¼ 19) was treated with WP1066, a well-described inhibitor of STAT3. 25 We observed tumors in 17 of 19 mice (89%). Of these tumors, 10 (59%) were HGGs, and 7 (41%) were LGGs. The percentage of HGGs in the mice after treatment with WP1066 was significantly lower than that of untreated mice from the original injection set (x 2 , P , .0001) (Fig. 6A) . As expected, treatment with WP1066 significantly reduced expression of pSTAT3 (Supplementary material, Fig. 4 ). To ascertain the extent of WP1066 on suppressing microvascular proliferation we quantified CD31 expression in the treated mice. The expression of CD31 was significantly less in treated mice compared with untreated mice from the original injection set (linear mixed models, P , .001) (Fig. 6B) . Inhibition of STAT3 also decreased the intratumoral infiltration of M2 macrophages (Supplementary material, Fig. 5 ). We have shown previously that increased M2 macrophage infiltration into the tumor correlates negatively with survival in both humans and mice. 25 Treated mice also demonstrated longer symptom-free survival (median, 90 days; range, 31 -90 days). This was significantly longer than symptom-free survival (median, 53 days) observed in the mice injected with RCAS-PDGFB and RCAS-STAT3 (log-rank test, P ¼ .0002) (Fig. 6C) .
Discussion
STAT3 expression has been associated with HGGs, but its relevance to tumor development is unclear. Recently we showed that BCL2 enhances the malignant progression of glioma 12 and that inhibition of STAT3 in a BCL2-dependent model of HGG yields a measurable therapeutic benefit. 25 Because STAT3 lies upstream from BCL2, we investigated whether overexpression of STAT3 influences glioma formation and progression and whether its inhibition would yield similar therapeutic effects as observed in our previous studies. STAT3 was expressed in glioneuronal progenitor cells either alone or in conjunction with PDGFB, a known initiator of primarily LGG. We found that the incidence of high- grade tumors was higher in mice overexpressing both PDGFB and STAT3 than in those overexpressing PDGFB alone. Malignant progression and poorer symptom-free survival in tumor-bearing mice was associated with an increase in pSTAT3 expression. Tumors induced by coexpression of PDGFB and STAT3 demonstrated characteristic histologic features of HGGs, including necrosis and microvascular proliferation. These tumors also had a significantly higher mitotic index than those induced by PDGFB alone. One explanation for the observed increase in tumor cell proliferation is the commensurate decrease in apoptotic cell death observed in HGGs from the RCAS-PDGFB + RCAS-STAT3 injection set. We found an inverse relationship between CC3 and pSTAT3 expression, which is consistent with our previous studies and confirms that the suppression of apoptosis contributes to the increase in tumor grade. Cumulatively, these data indicate that STAT3 plays a key role in the malignant progression of PDGF-induced glioma.
Recently, a correlation between STAT3 expression and the mesenchymal phenotype of glioma was reported. 26 As a transcription factor, STAT3 has been suspected to be a "master regulator" in the transformation of gliomas, from the less aggressive proneural phenotype to the deadlier mesenchymal phenotype. 6, 26 At least one other transcriptional activator, TAZ, has been shown to facilitate the conversion of gliomas from a proneural to a mesenchymal phenotype. 27 In our study, the level of pSTAT3 expression was found to be significantly higher in mice with shorter tumor latency, suggesting that STAT3 expression is associated with a more lethal phenotype. Additionally, the key histologic features of mesenchymal glioma (necrosis and microvascular proliferation) were much more common in tumors induced by RCAS-PDGFB + RCAS-STAT3 than in those induced by RCAS-PDGFB alone. This was further verified by quantifying the expression of CD31, a marker of microvascular proliferation. We corroborated the histologic observations with additional immunohistochemical staining and showed that a proneural marker, Olig2, was expressed homogeneously throughout high-grade tumors induced by expression of PDGFB alone but that Olig2 expression was absent in areas of high-grade histology in gliomas induced by coexpression of PDGFB and STAT3. Additionally, inhibition of STAT3 expression by the selective STAT3 inhibitor WP1066 resulted in a decrease in the proportion of HGGs in tumorbearing mice. HGGs from treated mice also demonstrated decreased expression of CD31 compared with HGGs from nontreated mice. Taken together, these data from an in vivo model support the contention that STAT3 acts as a key regulator of the mesenchymal transition.
Signaling through the PDGF receptor is known to induce STAT3 activation, 28 ,29 and we detected a low level of pSTAT3 expression in high-grade tumors in mice injected with RCAS-PDGFB alone. However, a significantly higher level of pSTAT3 expression was observed in tumors induced by RCAS-PDGFB + RCAS-STAT3 than in tumors induced by RCAS-PDGFB alone. pSTAT3-expressing cells also localized to areas of necrotic foci in high-grade tumors. The association of pSTAT3 with necrosis is significant not only because of the relevance with respect to the mesenchymal phenotype, but also because necrosis is independently associated with lower survival rates in human glioma patients. 30 As an alternative explanation, hypoxia, which is known to induce the pSTAT3 pathway 31 -33 and is present in areas of necrosis, may also induce pSTAT3 expression via a feed-forward mechanism.
Subclasses of HGG have been defined by activation of specific signal transduction pathways. 18 These subclasses have been further distinguished not only by the signaling pathways that initiate them but also by their phenotypic characteristics. For example, the PDGF signaling pathway is associated with the proneural subclass of HGG and tumors induced by PDGFB using the RCAS/ Ntv-a system display proneural features. 6, 34 To date, STAT3 has not been shown to have an initiating effect on a specific subclass of HGG, and we were unable to show that independent expression of RCAS-STAT3 was capable of inducing tumors. However, STAT3 can cause mesenchymal transformation in human glioma stem cell lines, and elimination of STAT3 can decrease mesenchymal differentiation of these same cells. 26 The data obtained in our in vivo model in which STAT3 was expressed in glioneuronal progenitor cells confirm and extend the observations that STAT3 may be an important link in a possible proneural to mesenchymal transition. Finally, we also showed that inhibiting STAT3 expression reduces the lethality of the tumor in vivo, verifying it as a rational target in the treatment of glioma. Further investigations into the mechanisms of mesenchymal transformation mediated by STAT3 will be of use in developing treatments to mitigate the deadly effects of its expression in gliomas.
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